Saponin is an important plant-derived compound that is commonly found in sapindaceae plants, such as Sapindus rarak DC. Saponin is extensively used in plenty of industries as a detergent or emulsifying agent in cleansers, shampoos, and cosmetics. The extraction of saponin was previously studied and shows that the extraction assisted by ultrasonic waves was found to be an effective method. However, the previous studies have rarely examined the extraction kinetic study of the ultrasound-assisted extraction (UAE). In the present study, the extraction of saponin from Sapindus rarak DC and its extraction kinetics is conducted. The results show that the highest saponin yield of 354.92 (mg of saponin per gram of dry feed) was obtained from the extraction using a solid-to-liquid (S/L) ratio of 1:50 (w/v) at 50 °C. The amount of extracted saponin increased with the increase of extraction temperature as well as the solute ratio in the solution. However, increasing the temperature to 60 °C decreased the saponin yield. The results of a simple kinetics study of saponin extraction also show that the second-order kinetics model can better describe the UAE process, with an R 2 value of 0.929 and a rate coefficient of 0.00495 L.g -1 .min -1 . The experimental results agree well with the practical calculations obtained using the second-order kinetics model based on an average error of 6.79%.
Introduction
Saponins belong to a various group of naturally occurring surface-active compounds. It is known as a plant-derived natural surfactant. The saponaceous substances can form soap-like foams or lathers in water solution because of its hydrophobic and hydrophilic molecular structure [1] . In general, saponin is an amphiphilic toxicity, and has similar characteristics to synthetic surfactants.
Saponin can be found in various parts of plant tissues including fruits, flowers, roots, seeds, and shoots. Saponin is predominant in angiosperms plants and also occurs in some ferns, such as the Polypodium and Cyclamen species. Some algae and certain lower marine organisms are also found to be saponin sources. In the Asia region, the sapindaceae species is one of the main sources of saponin. The sapindaceae species is widely distributed in all tropical and subtropical regions of Asia [4] . The most commonly found sapindaceae plant in Indonesia is Sapindus rarak DC. (de candole), which contains rich saponin on its fruit pericarps. Saponin has a surfactant characteristic and shows the activity of molluscum, antiinflammatory, cytotoxic, and anti-platelet aggregation [5] [6] . Saponin is commonly used as a detergent or emulsifying agent in cleansers, shampoos, and cosmetics.
Because of saponin's importance, the extraction of saponin has been widely studied. Ultrasound-assisted extraction (UAE) is one of the non-conventional and green technologies for the extraction of bioactive compounds from plant materials. This extraction method can significantly reduce energy consumption and needs shorter extraction times. UAE is also known as an environmentally friendly and efficient way to extract natural bioactive compounds from plant tissues because of the low solvent consumption [7] [8] . Both direct and indirect ultrasonic waves have been applied to the extraction of saponins from different varieties of ginseng roots. UAE methods have also been conducted to extract saponin from various plant sources, such as: Panax notogingseng, soybean, chickpea, Allium nigrum L., and T. terrestris [9] .
The extraction operating parameters are crucial to finding an effective extraction process with high yield and purity. These parameters are closely related to the extraction of kinetic parameters. Determining the kinetic parameters is very important in describing the mechanism that drives the extraction process to produce certain compounds from various materials. The experimental data are analyzed using empirical and physical models based on the solid-liquid processes [10] . This data was then presented in simpler mathematical kinetic models. The model can be used to predict the extraction rate and the stationary times required to complete the extraction process, which is a basic data for the scaling-up process. For that reason, the extraction kinetics parameter is essential to allow their adequate use in industrial scale. The data from kinetic studies are needed to design the production equipment such as reactor or extractor. Moreover, the kinetic model also improves the procedure precision, minimizing processing errors and increasing the final quality of the product [11] [12] .
The previous study of extraction kinetics had been conducted to extract the phenolic compound from grape pomace [13] , oleanolic acids from Hedyotis diffusa [14] , polyphenol from abies bark [10] , and anthocyanin from roselle calyces [15] and black chokeberry [11] . However, there are few studies of extraction kinetics for saponin from Sapindus rarak DC. To our best knowledge, few studies have explained the saponin extraction kinetics, such as kinetic studies of saponin leaching from quinoa seed [12, 16] and kinetic studies of saponin extraction from Saponaria vaccaria L. seeds [17] . The previous kinetic studies were focused on the leaching mechanism to obtain saponin, where the raw materials were only soaked for a specific time in a solvent. The model was mainly based on Fick's second law of diffusion. However, this model is not appropriate for the case of UAE [11] , where the materials are irregular in size, showing a form of particles swelling, and the mass transfer is affected by the additional force from the ultrasonic waves.
Consequently, this work performs a scarce kinetic study for UAE of saponin from the pericarps of Sapindus rarak DC. The main objective is to investigate the extraction process of saponin from the pericarps of Sapindus rarak DC. Specifically, the kinetic models could be applied to achieve high-performance extraction. The effect of the solvent and solute ratios as well as the effect of temperature on the yield of saponin extract was observed at various extraction times. Associated with the extraction kinetic study of UAE for saponin, four different models are used to investigate the most suitable equation to describe the extraction process.
Materials and Method

Materials
The raw pericarps of Sapindus rarak DC were purchased from Sleman, Yogyakarta, Indonesia. Distilled water, as a solvent, was obtained from the Laboratory of MeR-C, UPT, Undip, Indonesia. Pure saponin (99% saponin ) was procured from Sigma Aldrich as the comparative standard. Before extraction, the pericarps of Sapindus rarak DC was dried using an oven at 100±2 °C under normal aeration conditions for an hour. The dried Sapindus rarak Dc was then crushed in a Miyako BL-151 PF-AP dry grinder. The powder was sieved through a 100-mesh sieve to obtain a homogeneous fine powder of Sapindus rarak. The ready-to-use dry-grounded powder was stored in vacuum storage at a temperature of 7 °C, and silica gel was added to the vacuum storage container to keep the powder dry.
Extraction Process
UAE was performed in an ultrasonic bath device (Krisbow Bath Ultrasonic) with a constant power of 280 W at a frequency of 40 kHz. The ultrasonic bath device was equipped with digital sonication time and temperature control system. The dry Sapindus rarak powder with various solid-to-liquid (S/L) ratios (1:25, 1:50, 1:70, 1:85, 1:100 (w/v)) was placed in a capped glass bottle and mixed with the solvent, distilled water. The bottle with suspension was sonicated for 2 hours in the ultrasonic device containing 4 liters of water at various temperatures (30, 40, 50 , and 60 °C). In each extraction batch, all samples were placed in the center of the ultrasonic bath at a depth of fifteen centimeters. To ensure each sample was sonicated equally, each sample was kept in the same position. After sonication, the solution was filtered using filter cloth and centrifuged at 4.500 rpm for 15 minutes to separate out the solid particles. The supernatant was carefully collected for further analysis.
Determination of Saponin Content
The determination of saponin content was conducted by UV light scatter spectrophotometric analysis using a UV-Visible spectrophotometer (Shimadzu UV mini 1240 ) [9, 18] . Pure saponin purchased from Sigma Aldrich was used as the standard solution reference to make the calibration curves. The calibration curve was prepared by analyzing the absorbance of pure saponin solution at various concentrations (300-500 ppm). Spectrophotometric analysis was performed by measuring the absorbance at the maximum absorption wavelength (312 nm) using reagent blank as reference. The linear regression equation of the standard curve was made based on the concentrations (x) versus the absorbance value (y), Equation (1), with the obtained R 2 of 0.983. The calibration curve is shown in Figure 1 .
Statistical Analysis for Kinetic Modeling Extractions
The extraction of saponin was investigated at 30, 40, and 50 °C for 5, 10, 20, 40, 80, and 120 min, respectively, under the maximized S/L ratio determined from the previous section. Experimental data (milligrams saponin per gram of dry feed) as a function of time were fitted to the four kinetic models presented in Table 1. The statistical analysis of the data was performed using the generalized reduced gradient non-linear algorithm with the help of a solver engine from Microsoft Excel 2013 MSO 32-bit (Microsoft Office Professional Plus 2013, USA). In the equations, C0 and C represent the saponin extracted (mg/g) at time zero and time t (in minutes), respectively, and k (in minutes) is the extraction rate constant at a given temperature. Table 1 shows the mathematical equations used in a previous study of extraction kinetics.
The fitted model was evaluated by considering the statistical criteria. The coefficient of determination (r 2 ) and adjusted R-square (R 2 adjusted ) were the evaluated by statistical criteria [10, 21] . The r 2 and R 2 adjusted are calculated by Equations (6) and (9), respectively. Where n is the number of observations, k is the number of parameter, yi is the actual experimental yield of the i th sample, ŷi is the modelfitting data of the i th sample, ӯi is the mean value of all experimental data, and i is the sample number. Meanwhile, ameasured is the value of saponin concentration obtained from the experiments, apredicted is the value of calculated saponin concentration based on the model, and āmeasured is the mean of all measured saponin concentration. The r 2 value is calculated to be between 0 and 1. The model with higher r 2 and R 2 adjusted for saponin extraction is considered the best choice for modeling the saponin extraction behavior during processing [21] [22] .
Data Analysis
All experiments were conducted in triplicate to diminish experimental errors. Results were expressed as a mean ± standard deviation for n=3. The data were graphically plotted using Microsoft Excel 2007, representing the average of at least three measurements with a relative standard deviation lower than 5%.
Results and Discussion
UAE of saponin from the pericarps of Sapindus rarak DC was studied under various conditions. In this study, the experimental design focused on two main extraction parameters: temperature and S/L ratio (weight/volume). Distilled water is used as a solvent on the extraction, and a green method of extraction was conducted with the assistance of ultrasonic waves. The extraction using ultrasonic-assisted is widely used to extract various substances from natural sources. Some experiment proved that using ultrasonic waves for extracting natural substance from plants provided more benefits than other methods, such as when extracting anthocyanin from blackberry and sweet cherry cultivar [23] , polyphenol from Picea abies bark [10] , antioxidants from Jatropha integerrima [24] , and saponin from Allium nigrum L. [25] . UAE and conventional maceration extraction results were also compared by Aryanti et al. [26] for extracting anthocyanin from red and purple roselle calyces. The research proved that extraction with the assistance of ultrasonic wave provides better results than conventional extraction by maceration. The extractions using UAE methods were giving anthocyanin concentrations about 16 times higher than extractions using ME. In this current study, the extraction of saponin from Sapindus rarak DC are conducted and the results are presented in the following section.
Influence of Solid-to-Liquid Ratio on Total Saponin of the Extracts
The evolutions of extracted total saponin versus time, obtained at different operating conditions, are presented in Figure 2 . The first investigation was conducted for various S/L ratios, and the temperature was set for 30 °C. It is important to optimize the S/L ratio, as the excess solvent does not have a significant effect on extraction yield. Therefore, solvent is wasted, decreasing the throughput and increasing the vessel size, affecting the equipment design. The saponin content was analyzed at specific times along the extraction process, which was performed for 120 minutes under the assistance of ultrasonic waves. The extraction of saponin shows an increase of saponin content by adding time. However, the saponin content remains stable after a specific time, showing that the extraction process reaches an equilibrium point where the solvents are saturated with the saponin compound. Moreover, performing an extraction process under ultrasonic waves for a long time destroys the saponin compound [27, 28] . Consequently, an extraction for more than 120 minutes was not conducted in this study.
In the preliminary study, an S/L ratio less than 1:25 (w/v) was inadequate to disperse the dry pericarps powder of Sapindus rarak DC properly. Hence, the lowest S/L ratio used in this study was 1:25. The lowest saponin content was observed at the ratio of 1:25, showing that the solvent amount was not enough to solubilize all the saponin from the plant material. Increasing the S/L ratio to 1:50 (w/v) shows a higher saponin content of 234 mg/g solid feed. However, increasing the S/L ratio to 1:70, 1:85, and 1:100 (w/v) provided less saponin content. Therefore, the maximum amount of extracted saponin was obtained at an S/L ratio of 1:50 (w/v).
A higher S/L ratio allows for homogenous mixing and allows for penetration of the solvent into deep interior parts. This effect implies a greater concentration gradient between the interior plant cells and the solvent and that the transfer of saponin from the solid to the solvent is enhanced [29] . As shown in Figure 1 , the increase of extracted saponin content by increasing the S/L ratio corresponds to the following mass transfer principles. The driving force during mass transfer within the solid is the concentration gradient. The concentration of saponin inside the plant materials is greater than the saponin concentration in the solvent, inducing the transfer of the saponin compound from the high-concentration regions to lowconcentration regions [30] . The extracted saponin content increases when a higher amount of solvent was used in the extraction process . However, at some point, adding additional solvent did not give any significant difference to the total extracted saponin. This phenomenon shows that no more saponin can be transferred to the solvent.
In addition, the highest saponin content was achieved at an S/L ratio of 1:50 (w/v). The amount of extracted saponin content also is affected by the extraction conditions, such as the modifications of solubility and the interactions of solute with solvent. The solubility of the saponin compound is affected by changes in the activity coefficient, which varies with the temperature and composition of the solution [20] . Interactions of the compounds with the solvent could also have modified the activity coefficients and thus the solubility of the compounds. In summary, the main effect of the S/L ratio was to modify the solubility and equilibrium constants and thus increase the total saponin concentration to a maximum at the highest S/L ratio. Thus, the optimum S/L ratio of 1:50 g.mL -1 was finalized for subsequent studies.
Influence of Temperature Condition on Total Saponin of the Extracts
A second investigation was conducted for various temperature conditions with an S/L ratio of 1:50 (g/mL). The results of saponin extraction under four temperature conditions are shown in Figure 3 . The figure shows the positive effects of temperature on saponin concentration, as the saponin content at 50 °C is 50% greater than that at 30 °C. In this study, the extraction yield kept increasing as the temperature increased. The highest saponin concentration was achieved at 50 °C, with a concentration of 354.92 mg/g. In the process of natural compound extraction, temperature highly affected the result.
Previous studies reported that increased temperature increases the extraction rates of natural compounds. At higher temperatures, the solubility of the extracted compounds was increased because of its decreased viscosity, improving the mass transfer and accelerating the extraction process. Similar results were found in the hot extraction of the phenolic compound from spruce bark [10] . Theoretically, temperature affects the mass transfer rate and the solubility of some compounds in the extraction process [31] . Increasing the temperature can help determine the efficient extraction condition from the interior parts. In the extraction process , the ultrasonic waves help the extraction process by creating micro-cavitation bubbles in the liquid outside the plant materials. When the micro-cavitation bubbles collapse, they activate locally mechanical disruption and heating on the plant cell wall, releasing the plant compounds [7] . As the temperature increases, more bubbles are formed. More bubble formation helps cell disruption, improves energy distribution, and increases the collapse intensity around the plant materials. Higher temperature also helps the extraction by decreasing the surface tension, making the compound inside the plant tissue more easily diffuse out, resulting in greater cell disruption and increasing mass transfer [32] .
However, the saponin content slightly decreased as the temperature increased to 60 °C. The most common cause is the heat-sensitive molecular structure of the natural compound. In the ultrasonic-assisted process, the phenomena were also affected by the decreased cavitation, increased vapor pressure, and decreased surface tension within microbubbles, causing the damping of ultrasonic waves [31] [32] [33] . The exposure of ultrasonic waves at high temperature for a long period may also cause a destructive effect on the natural compound such as saponin. The previous studies show that most natural compounds can not withstand high temperature. For example, anthocyanin from Roselle was verified to visibly degrade at a temperature of 60 °C [33] . The extraction of camptothecin from Nothapodytes nimmoniana plant assisted with ultrasonic also shows a negative effect beyond 50 °C and a slight decline from 30 °C to 40 °C [31] . By considering the theoretically negative result caused by adding too much heat and long exposure of ultrasonic waves, 50 °C was finalized as the maximum temperature.
Kinetic Study of Saponin Extraction
In the solid-liquid extraction context, temperature and S/L ratio are important variables to determine the better extraction performance. Therefore, the conditions of temperature and S/L ratio were evaluated to determine the better condition where higher yield was achieved. Mathematical models consisting equations that provide an output based on a set of input data can be considered a concise way to express physical behavior. Various phenomena might govern the removal of compounds from plant matrices, including sorption/desorption, washing, and swelling of plant material, and diffusion. Choosing the best mathematical model to represent processing curves is fundamental to minimize processing errors, maximize final product quality, and facilitate the design and simulation of industrial processes. The maximum condition giving the highest yield of saponin based on the previous section is at a ratio S/L of 1:50 and an extraction temperature of 50 °C. The experimental data (milligrams saponin per gram of dry feed) from the maximized condition were fitted to kinetic models presented in Table 1 as a function of time.
The extraction was assisted with ultrasonic waves helping destroy the cell walls of the plant materials, allowing the saponin compound to easily solubilize in the water. The saponin molecular structure consists of hydrophobic and hydrophilic parts [7] . The hydrophilic structure of saponin is a sugar chain with high water affinity. The sugar mostly presents as a pyranose sugar with many hydroxyl groups (-OH) attached to it [3] . The hydrogen group easily forms a hydrogen bond with water molecules (H-O-H) in the water solution. This formation of hydrogen bonds with water molecules allows saponin to be easily extracted to the water solvent. The interaction between the saponin molecules and the water molecules in the water solution is illustrated in Figure 4 .
The mathematical model is used to predict the UAE process mechanism. The second-order kinetics model equation (Equation 2) compares the extracted compounds based on time. Here, Cs is the concentration of total polyphenols at saturation in the liquid extraction (mg/L ), and k is the second-order extraction rate constant (L/g.min) [10] . A pseudo-first-order model (Equation 3) considers that the compound con- Figure 4 . Schematic illustration of the interaction between the saponin and water molecules in the water solution centration in the extract tends to plateau [19] . Equation 4 is based on the sorption/desorption mechanism to remove compounds from the plant material [11] ; in the model, K1 represents the extraction rate constant and K2 represents Peleg's capacity constant. Equation 5 assumes that the compounds are extracted in two distinct periods that are related to accessible and inaccessible compounds (outside and inside the plant cells, respectively) [20] . The B and D parameters are the extraction rates of the two different classes of compounds, A and C are constants.
Extraction kinetics is usually expressed in terms of solute concentration extracted from the solid to the solvent per unit time [34] . The mechanism of extraction of natural compounds from plant matrices is not fully enlightened; therefore, several mathematical equations have been described in the literature. Statistical errors for fitting the experimental data of extraction of saponin from Sapindus rarak DC to models used in previous publications are shown in Table 2 .
Analyzing the data presented in Table 2 shows that the best model to describe the extraction of saponin from the pericarps of Sapindus rarak DC is the second-order kinetics model (Equation 2) because the model shows the highest r 2 values, and R 2 adjusted. The secondorder kinetics model shows that the saponin extraction on the studied conditions is continuous. Therefore, the practical calculation based on the second-order kinetic models is discussed in the next section for the extraction process at an S/L ratio of 1:50, temperature of 50 °C, and various extraction times.
The Practical Calculation Based on the Second-Order Kinetic Model
The experimental data of the UAE extraction were processed and plotted in the specific coordinates of the second-order kinetic model.
The dissolution rate of saponin contained in the solid can be described by the second-order kinetic model presented in Equation (10) [15] : (10) Here, Ct is the concentration of total polyphenols in the liquid extraction (mg/L) at a given extraction time t (min), Cs is the concentration of total polyphenols at saturation in the liquid extraction (mg/L), and k is the second-order extraction rate constant (L/g.min). To determine the kinetic parameters, Equation (10) is integrated under the boundary conditions Ct = 0 to Ct and t = 0 to t. The equation was then linearized in the form of Equation (11), where h is the initial extraction rate (g/L.min) when t and Ct approach 0 [15] : (11) Figure 5 presents the experimental data showing a linear line after the plot of equation models. Table 3 presents the kinetic parameter for the second-order kinetics model. The specific kinetic parameters, such as: extraction Table 3 . Kinetic parameters for the second-order kinetic model capacity (concentration at saturation -Cs), extraction rate constant (k), and initial extraction rate (h) were determined based on the mathematical regression equations for each temperature. They can be determined experimentally from the slope and intercept of plotting t/Ct against t. The fitting of the second-order kinetic model for all experimental data is confirmed by the value of the mathematical regression coefficient (R 2 > 0.99).
The second-order kinetic model was also used to describe the release kinetics of total phenolics from oak chips into a model wine under ultrasounds action into a bath system [35] . In the kinetic modelling study of UAE of oil from pomegranate seeds using hexane as the solvent, reported that the best fits were given when the second-order law was applied [36] . The second-order model also was used to describe the solid-liquid extraction processes of antioxidants from pomegranate marc while stirring and using water as a solvent. The results show that the extraction rate constant (k) increased as the temperature rises. Changes in k values and other kinetic parameters show that the temperature change has a strong effect on the kinetic parameter. The plotting of the experimental result versus practical calculation using the obtained model also gives good comparison by an average error of 6.79 %, as shown in Figure 6 .
Conclusions
In the present study, the investigation of saponin extraction from the pericarps of Sapindus rarak DC and its extraction kinetics was conducted. The kinetic study of the UAE of saponin was performed to elucidate the phenomena involved in this kind of process. The results show that the extraction condition had better performance was the extraction using an S/L ratio of 1:50 (w/v) at 50 °C. The kinetics study had shown that the second-order kinetics model can better describe the UAE process, with an R 2 value of 0.929 and a rate coefficient of 0.00495 L.g -1 .min -1 . The highest yield achieved in this process was 354.92 mg of saponin per gram of dried-ground pericarps of Sapindus rarak DC. The comparison of experimental results and practical calculations using the obtained model also gives good comparison by an average error of 6.79%. The saponin from Sapindus rarak DC was successfully extracted and is a cheap alternative of synthetic surfactant for industrial applications. The kinetics information of saponin extraction from plant resources supports industrial applications such as elucidating the phenomena and better equipment dimensioning. Where the rate coefficient is sufficient to be used in calculating the residence time in the extractor and determine the dimension of the extractor, a further comprehensive study is inevitably necessary. 
